Abstract. The total number of drones used in the air, on the land and in the water is growing in recent years. This review focuses on ocean robots and in particular on glider technology which seems to be one of the most promising oceanographic tools for future marine research.
Navigation

20
To navigate from one waypoint to the next a glider has to follow a certain track underwater. This targeted underwater movement, called flying, is characterized by two parameters. The glide angle and the heading. To be able to adjust these parameters the live performance of the glider has to be monitored constantly. Therefore glider navigation includes both monitoring performance and subsequent adjustment of glide angle and heading.
Monitoring is performed by a state-of-the-art TCM2 Electronic Compass Sensor Module combining a 3-axis magnetometer 25 and a 2-axis tilt sensor. Adjustment of glide angel and heading is controlled by pitch and roll, respectively. This in turn is achieved by axial translation (Spray, Slocum, Seaglider) and rotation (Spray, Seaglider) of internal battery packs, which results in typically turning radii of 20 m -30 m. Slocum glider, however, utilizes a tail fin rudder to change heading and thus have the tightest turning radius (approximately 7 m). Therefore, Slocum glider are very well suited for shallow water operations and littoral environments (Davis et al., 2002) . Although Spray and Seaglider using internal mass rotation instead of a rudder to roll, 
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However, further differences exist with regard to underwater navigation. A very serious challenge is to stay away from the seafloor during a mission to avoid damage or the loss of the vehicle. In order to prevent "'bottom sampling"' glider constantly measure altitude and as a result change heading and glide angle. Slocum and Spray measure altitude using an acoustic altimeter.
In contrast to that, Seaglider determines altitude from glider depth and bathymetric data, which is digitally stored on-board.
Anyhow, due to possible malfunctions of the altitude sensor Slocum and Spray user must have bathymetry data in a mission 5 area and monitor glider depth to ensure that the glider is not colliding with the seafloor.
However, another important parameter for glider navigation, in particular for adjusting their flight path during their trajectory, is the speed and the direction of ambient currents. To take this effect into account, all three gliders described here use GPS navigation at the surface to dead-reckon toward commanded waypoints. Depth-averaged horizontal velocities are then determined over each dive cycle by using the differences between dead-reckoned and actual displacements. On the other hand ocean 10 currents such as tides can be utilized to navigate to a certain location and thus to save pumping energy. This can be done, for instance, by deploying the glider on the seafloor during unfavourable current directions (e.g. ebb) and by retrieving it from the seafloor when the current direction has changed (e.g. flood). At this point, it should be noted that this kind of operation could endanger the whole mission as well as the glider itself unless users have complete knowledge of 3D tidal currents in the mission area. 
Communication
Glider frequently come to the sea surface to communicate with mission control by using the Iridium satellite phone system. Antennas can be housed in a tail fin (Slocum), in a tail string (Seaglider) or in a wing (Spray). They are raised above the surface while the vehicle is communicating or obtaining a GPS fix. In high sea-states, however, loss of performance of communication 20 systems can occur, but glider typically have enough internal memory for message buffering and data storage. Some vehicles such as Slocum glider use an external airbladder which can be inflated at the surface by a small pump to increase surface buoyancy and pitch moment to achieve a higher antenna position. This system in turn can be used for emergency case scenarios when the buoyancy engine fails and the glider is not able to surface. Furthermore, Slocum and Spray are using ARGOS as a backup location and telemetry system. A Freewave 900 MHz modem master for line of sight radio communications is 25 accomplished only by Slocum.
Frequent surfacing of the gliders and the used worldwide communication system allow permanent adjustment of flight parameters but also optimisation for features like thermo-and haloclines. Even for under ice trajectories communication solutions have been developed. Acoustic receiver integrated into glider can be used to supplant the unavailable GPS-signal and ultimately to facilitate long range navigation in ice-covered environments (Jones, 2012) . Seagliders, for instance, were successfully deployed 30 across Davis Strait operating fully autonomous under ice for several weeks (Lee et al., 2010) . Furthermore, Song et al. (2014) have recently demonstrated a feasibility of using glider as a mobile communication gateway.
For land-and ship-based glider communication usually a linux-based communication center is used which is provided by the individual company. For Slocum it is called Dockserver, for Seaglider Basestation and for Spray groundstation. Basically, it is length is reduced.
In summary, available current battery packages are satisfactory and enable basic long-term deployments up to several months but a continuing improvement in high capacity power storage systems is still desirable.
Modes of operation
25
Depending on the type of examination and mission requirements a glider can be used in different modes. The two most important modes are the survey and the virtual mooring mode.
During the survey mode the glider is flying along a track of waypoints. This can be a repeat section or a long distance transit.
To get access to the mesoscale variability usually a relatively short section is chosen and sampled repeatedly. A long survey with a solitary glider, however, can also be of great importance. The crossing of the Atlantic by RU 27 ("Scarlet Knight") in
30
2009 draw a lot of attention to glider technology and therefore was important for bringing this new oceanographic tool into the public mind.
During the virtual mooring mode the glider stays at one single target location as long as ambient current velocities are not ex-
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Ocean Sci. Discuss., doi:10.5194/os-2016 Discuss., doi:10.5194/os- -40, 2016 Manuscript under review for journal Ocean Sci. Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License. ceeding glider speed (Hodges and Frantantoni, 2009; Alenius et al., 2014; Karstensen et al., 2014) . Thus, by holding horizontal position nearly constant, a glider is measuring continuous depth profiles while ascending and descending through the water column. In contrast to a profiling mooring, which also can be used for measuring continuous depth profiles, a glider exhibits a better cost-benefit ratio, mainly due to its small size and its independence of large vessel operations.
Finally, a combination of both modes might be the most promising sampling strategy. Thus, a glider can be deployed close to the shore by a small research vessel, transit to a predetermined location using the survey mode, virtually moor itself for a while, and return to the shore by using the survey mode again for recovery. Short repeated sections, as mentioned above, also are of great interest, but suffer from low glide speeds (∼ 20 km/d). Spatial structure is often changing on short time scales (days to weeks), and therefore glider data usually is aliased by temporal variability. Ultimately, the use of multiple vehicles and a mixture of sampling modes might be the best way to study phenomena on a wide variety of time and space scales. The 10 deployment of a glider fleet already was successful tested in the field and is still a focus of ongoing research.
Although survey and virtual mooring mode are the most relevant modes, also other modes such as surface, sub-surface and drift mode can be used for particular purposes. Surface mode, for instance, is used for positioning the antenna for data telemetry, and is important for monitoring live performance of the glider. On the contrary, sub-surface mode is needed for performing multiple dive cycles before surfacing. On the one side, this can be helpful to avoid damage or the loss of the vehicle in a high 15 traffic area, on the other side, it can reduce the time which is spent at the surface and thus improve temporal resolution of the gathered data. Drift mode maintains neutral buoyancy at any depth and can be used to transform a glider into a float or to park it on the seafloor.
The potential applications and possibilities of mode combination are various and only limited by the energy which can be stored by the glider. Maybe someday in a more advanced world a glider will not only move through the water, but also be able 20 to return back to mission control by flying through the air. An air-ocean robot could help to reduce deployment and recovery costs to a minimum and concurrently provide a more holistic view of the earth system.
Ballasting
Gliders are complex technical platforms and the preparation of a glider for a particular mission is not trivial. Before it can be deployed in the field a ballasting process has to be carried out in the lab to ensure a proper functioning of the glider. If 25 the vehicle is too light maximum operational depth cannot be reached and, if is too heavy it is likely that surfacing will be impossible.
Ballasting is a procedure for adding or subtracting weights to trim the glider for a given range of water densities. The initial ballasting is done in a test tank filled up with seawater of a certain temperature and conductivity. The temperature and conductivity of the tank water is then measured by the glider's CTD and a software program is finally used to calculate the weight 30 which must be added or subtracted to the glider to reach optimal buoyancy for target water properties.
To trim flight parameters such as pitch and roll centers a test ballasting is carried out during a few initial shallow dives at the deployment area. After test diving is completed the glider is programmed to dive to its maximum depth and the real mission can be started. Due to the permanent live monitoring of the glider's performance necessary post-adjustments can be made during 8 Ocean Sci. Discuss., doi:10.5194/os-2016 Discuss., doi:10.5194/os- -40, 2016 Manuscript under review for journal Ocean Sci. Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License. the mission while the glider is at the surface by using the Iridium satellite phone system. Post-adjustments are necessary, for instance, if the weight and thus the ballasting of the glider changes due to environmental conditions. This can be the case, for example, in extreme environments such as polar or sub-tropical and tropical waters. In polar waters, freezing of wind blown ocean spray might be a problem with regard to the glider performance. In sub-tropical and tropical waters, biofouling has to be taken into account (Lobe et al., 2010) . Especially, if the glider is a shallow type glider operating in the upper euphotic 5 layer of the ocean, where sunlight causes growth of mussels and algae on the gliders hull. In both cases there is a threat of losing the capability of surfacing due to the additional weight. Ultimately, glider operators need to have high-level knowledge in ballasting, but also in programming, communications, engineering, and path planning to minimize risks which could lead to the abort of a mission. 
Scientific payload
The glider itself with all its communication and navigation technology and buoyancy engine is ultimately incomplete and not valuable without its scientific sensors measuring oceanographic parameters.
Each glider can carry a certain number of such sensors, which either can be mounted in a modular center payload bay (Slocum), directly on the hull (Seaglider, Spray) or aft of the hull in a flooded compartment (Slocum, Seaglider, Spray). Currently com-15 mercial available sensors are various including CTDs (free flow, pumped), dissolved oxygen sensors, sensors for backscatter and fluorescence, PAR sensors (Photosynthetically Available Radiation), echo sounder, PAMs for passive acoustic monitoring, ADCPs/DVLs for current measurements, and sensors for nitrate and turbulence. Sensors for pH, CO 2 and a fluorometer also will be available in the near future.
Sensor calibration is carried out by the glider company. This means that the vehicle must be transported to the calibration lab 20 of the company which takes a lot of time and money. Furthermore, cross-calibration with other ship measurements is recommended to take the drift of the sensors into account which is naturally occurring during long term deployments.
The number and the type of the used sensors is depending on the main goal of the mission. For monitoring bio-mass, for instance, an echo sounder must be installed, whereas backscatter and turbidity are important for oil exploration. For environmental monitoring chemical, optical and physical sensors are needed. For monitoring man-made noise, supporting seismic 25 operations or supporting anti-submarine warefare PAMs are more crucial. As a consequence, the more sensors are used, the more informations can be extracted. The tendency is, therefore, not to deploy a single glider, but a fleet of gliders equipped with different sensor suites. Unfortunately deploying and coordinating a whole fleet of gliders is relatively expensive and very complex in the implementation with regard to path planning.
Finally, a lot of different sensors for a broad range of applications already exist (Rudnick, 2016) . However, for increasing the 30 spectrum of science sensors steady development is still necessary. The future of in situ sensors has already been mapped out.
Sensors need to be robust, low cost and hydrodynamic. Furthermore the most difficult challenge is to minimize their size and power consumption, since the size of scientific payloads for gliders is limited as well as the energy which the vehicle can carry. 
22
Ocean Sci. Discuss., doi:10.5194/os-2016 Discuss., doi:10.5194/os- -40, 2016 Manuscript under review for journal Ocean Sci. 
25
Ocean Sci. Discuss., doi:10.5194/os-2016 Discuss., doi:10.5194/os- -40, 2016 Manuscript under review for journal Ocean Sci. Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License. Table 1 . Overview of the 5 main application areas of glider technology in ocean sciences and corresponding relevant publications I. Observation of coastal, meso-and submesoscale dynamics (e.g. upwelling, eddies, rossby waves, fronts) Hatun et al., 2007 Bouffard et al., 2010 Mrvaljevic et al., 2013 Thompson et al., 2014 Castelao et al., 2008a Davis, 2010 Pascual et al., 2013 Webber et al., 2014 
TABLES
